The competitive photodissociation kinetics of the isobutanal radical cation ((CH 3 ) 2 CHCHO + c, 1) were investigated using experimental and theoretical methods. The photodissociation was followed by the 2 + 1 REMPI process in the gas phase. The reaction pathways for the main product ions with m/z 43 and 29 were determined by calculating the potential energy surface of the dissociation with the G4 method.
Introduction
Reaction dynamics of polyatomic molecules and ions lie at the heart of modern advanced chemistry to ultimately explore the state distributions of products upon the reaction pathways, which are dened as the ground and excited potential energy surfaces of relevant systems.
1,2 The initial assessments for specic reaction pathways of molecules and ions are thus a prerequisite for elucidating the reaction dynamics of polyatomic molecules and ions. However, it is still a long standing and challenging issue to elucidate photodissociation mechanisms of molecule ions which are mainly considered as important intermediates in the elds of atmospheric chemistry and astrochemistry. The reason is mainly associated with the difficulties of experimental tools and their identications.
3-5
Very recently, astronomical observations of simple carbonylbearing molecules in the interstellar medium (ISM) have been recognized as a signicant stepping stone in the eld of astrochemistry owing to their crucial roles as key precursors of biologically relevant molecule evolutions in ISM. [6] [7] [8] Particularly, the isobutanal radical cation ((CH 3 ) 2 CHCHO + c, 1) is a simple aliphatic aldehyde cation which could be recognized as one of important intermediate molecules in isomerization reactions.
7
In fact, small aldehyde molecules such as isobutanal and acetaldehyde have been emerged as benchmark molecules for astrochemical relevant model systems in the interstellar medium. It is likely because they are involved in the astrochemical evolution of cold molecular clouds and of star forming regions. 7 Isobutanal molecule has two stable isomers as gauche and trans on the ground electronic state. 9 The relative population of gauche conformer is known to be about 90% at room temperature. Based on ab initio calculation, Metha and coworkers reported that the gauche conformer is slightly more stable than the trans conformer by 69 cm À1 in the ground electronic state, while the trans conformer is slightly more stable than the gauche conformer by 115 cm À1 for the (n, 3s) Rydberg state. 10 On the other hand, the photodissociation study of 1 has been rarely considered. Recently, Shen and co-workers have performed photoion and photoelectron imaging by (2 + 1) resonance enhanced multiphoton ionization (REMPI) via the (n, 3s) Rydberg state transitions. 10 The results suggested that extensive fragmentations by the multiphoton absorptions are inevitable so that it could not be possible to access toward the well-dened excited electronic states of parent ions in the specic conformational or vibrational ground electronic states. They have also studied the photodissociation dynamics of 1 leading to several product channels by ion imaging technique. They concluded that there is no evidence of vibrational mode or conformational isomer dependence on either the product branching or dynamics. In addition, they identied that the formation of the ions with m/z 43 and 29 are major fragmentation channels.
11 It was then proposed that it is likely the result of the two step processes involving the secondary decomposition. It is greatly favourable aer the absorption of additional one photon from the ground electronic states of ions generated by a (2 + 1) REMPI process of isobutanal. As a consequence, they suggested that two major fragmentation channels leading to the ions with m/z 43 and 29 follow the typical statistical unimolecular decay process. It is consistent with the result of the a Department of Chemistry, Dongguk University-Seoul, Seoul 04620, Korea. E-mail: jcchoe@dongguk.edu isotropic angular distribution implying long life time prior to dissociation.
11,12
Despite these considerations, unfortunately, the photodissociation processes of 1 remain mainly inconclusive and could not be explained with limited evidence of reaction products for complex reaction dynamics. In fact, to reveal the reaction mechanisms for the unimolecular dissociation of 1, it is necessary to thoroughly explore the potential energy surface for all possible fragmentation channels. [13] [14] [15] In this study, therefore, we theoretically examine the photodissociation process of 1 with the competitive reaction product channels aer onephoton excitation from the cationic ground state prepared by a (2 + 1) REMPI scheme. The quantum chemical calculation alongside experimental observations will further provide insights to the photodissociation dynamics of 1 in the gas phase.
Experimental and computational methods
The experimental setup for the photodissociation has been previously described in detail elsewhere, 16 and only a brief description is provided here. The sample soaked in quartz wool was placed into a sample holder located behind a solenoidpulsed nozzle (General Valve Series 9, orice size 0.8 mm) operating at 10 Hz with Ne carrier gas at 1 atm. The molecular beam generated by a 1 mm skimmer (Beam Dynamics Inc.) was ionized by a frequency-doubled (using BBO crystal) UV output (1 mJ) of a dye laser (Continuum, ND 6000, LDS 751) pumped by a Nd:YAG (Continuum, Surelite II-10) operating at 10 Hz. The accurate laser wavelength at 373.87 nm was achieved by the calibration using a wavemeter. The generated ions were accelerated and subsequently detected by a microchannel plate (Galileo Electro-Optics, FTD 2003) detector in a linear time-ofight (TOF) mass spectrometer (R. M. Jordan Co.) the mass signal was fed into a preamplier (EG & G Ortec, 9305), digitized and stored by a digital storage oscilloscope (Lecroy, 42MXs-B), and subsequently processed with a LabVIEW program.
The high resolution mass spectrum of isobutanal was obtained by 70 eV electron ionization (EI) with a resolution higher than 20 000. A Loco Pegasus GC-HRT high resolution TOF mass spectrometer was used for acquisition of the spectrum.
To obtain the potential energy surface for the dissociation of 1, molecular orbital calculations were performed using the Gaussian 09 program. 17 The geometries of the local minima and transition states were optimized at the unrestricted B3LYP level of the density functional theory (DFT) using the 6-31G(d) basis set. The transition state geometries were veried by calculating the intrinsic reaction coordinates at the same level. For higher energy accuracy, Gaussian-4 (G4)
18 calculations were performed. The Rice-Ramsperger-Kassel-Marcus (RRKM) expression was used to calculate the microcanonical rate constant, k(E), for a unimolecular reaction.
where E is the internal energy of the reactant, E 0 is the critical energy of the reaction, N ‡ is the sum of the transition states, r is the density of the reactant states, s is the reaction path degeneracy, and h is Planck's constant. N ‡ and r were evaluated by a direct count of the states using the Beyer-Swinehart algorithm. 20 The E 0 values for the individual steps were obtained from the G4 calculations and were used for RRKM calculations. Each normal mode of vibration was treated as a harmonic oscillator. The vibrational frequencies that were obtained from the B3LYP/6-31G(d) calculations were scaled down by a factor of 0.9614. 21 3 Results and discussion Fig. 1a shows the photodissociation mass spectrum of 1 generated by the (2 + 1) REMPI at 53495.0 cm À1 , which is the origin band (0-0) of the 3s ) n transition. The photofragment ions are originated from absorption of an additional photon of the REMPI-generated isobutanal cation if we exclude the possibility of multiphoton absorption at relatively low laser power. The candidates for the major fragment ions with m/z 43 and 29 are (CH 3 ) 2 CH + and CHO + , respectively, considering only direct bond cleavages of 1. Unfortunately, the resolution of the TOF mass analyzer used for our photodissociation experiment was too low to measure the ion mass accurately. We obtained a high resolution EI mass spectrum of isobutanal as shown in Fig. 1b . Surprisingly, each of the peaks at m/z 43 and 29 was clearly split into doublets, which are not resolved in Fig. 1b . Those at m/z 43 were assigned by C 3 H 7 + and C 2 H 3 O + , and those at m/z 29 were assigned by C 2 H 5 + and CHO + as listed in Table 1 .
The internal energy of 1 undergoing the photodissociation is 3.3 eV accepting the analysis by Shen et al. 11 Comparing the two spectra, the main peaks at m/z 43 and 29 in the photodissociation spectrum appear also in the EI spectrum. The peaks at m/z 41, 39, 27, etc., probably corresponding to the fragments formed by consecutive dissociations from the ions with m/z 43 and 29, are shown in the EI mass spectrum but not in the photodissociation spectrum. This indicates a considerable portion of the isobutanal ions generated by 70 eV EI possesses energies higher than 3.3 eV. Therefore, the observation of doublets for the peaks at m/z 43 and 29 in the EI spectrum is not an evidence for that each of the photofragment ions with m/z 43 and 29 would consist of two different ions also. Instead, the observation in the EI spectrum suggests that the photofragment ions with m/z 43 can be C 3 10 However, they did not try to explore the potential energy surface. We carried out G4 calculations and their resultant energies at absolute zero are presented here. 1 has two conformers, gauche (1g) and trans (1t). The energy of 1t is lower than 1g by 0.033 eV, and their isomerization barrier is located at 0.080 eV above 1t. The lowest energy pathways for the following reactions, occurring by direct bond cleavages, are shown in Fig. 2 .
All these reactions occur without reverse barriers except reaction (2) . On the other hand, 1 can isomerize to a distonic ion (2) by a H migration from C to O through a ve-membered transition state (TS2) (See Fig. 2 and 3) . 2 can isomerize nally to either 1-buten-1-ol cation (3) or 2-butanone cation (4) prior to dissociation. The formation of 3 from 2 occurs through several steps including a skeleton rearrangement and H migrations as shown in Fig. 3 . The calculation of this pathway was based on the report using DFT calculations by Hudson and McAdoo. 22 3 can lose CH 3 c to form CH 2 CHCHOH + .
Formation of 4 from 2 occurs through consecutive migrations of the methyl group and H of the OH group (Fig. 3) The product ions of reactions (2) and (7) can undergo further CO losses as follows:
These reactions can occur in the photodissociation of 1 having internal energy of 3.3 eV because their endoergicities are 1.87 and 2.09 eV, respectively. However, the reaction 1 / CH 3 + + CH 3 CH 2 c + CO through reaction (8) cannot occur in the photodissociation because its endoergicity is 3.79 eV.
To investigate the kinetics of the competitive dissociations described above, k(E)s for some unimolecular reaction steps were calculated using eqn (1) . For the steps occurring without reverse barriers, the vibrational frequencies of the transition states were adjusted for the activation entropy at 1000 K to become 24 J mol À1 K
À1
, a typical value for reactions occurring through a loose transition state. 23 The energy dependences of the rate constants for reactions (2)- (5) , respectively. This predicts that reactions (2) and (3) and the isomerization to 2 would compete with the ratio of 75 : 21 : 4, whereas reactions (4) and (5) would hardly occur in the photodissociation. However, no peak at m/z 71 corresponding to the H loss appears in the photodissociation spectrum (Fig. 1a) . This strongly suggests the occurrence of the consecutive dissociation, nally producing (CH 3 ) 2 CH + , Hc and CO. The (CH 3 ) 2 CHCO + ions formed by the photodissociation have the energy of around 2.6 eV, ignoring the , which could be formed by reaction (10) . Because the RRKM calculations reasonably predict that the isomerization 1 / 2 is competitive with reactions (2) and (3), the further reaction to CH 3 CH 2 CO + + CH 3 c via 4 could be also competitive. However, the abundance of the corresponding peak with m/z 57 is very small in the photodissociation spectrum, suggesting its further dissociation to CH 3 CH 2 + and CO. The CH 3 CH 2 CO + ions formed by the photodissociation have the energy of around 2.9 eV, ignoring the kinetic energy release in reaction (7) . At the energy, the calculated rate constant for the loss of CO is 1 Â 10 10 s À1 , indicating that most of the CH 3 CH 2 CO + ions underwent the further dissociation to CH 3 CH 2 + and CO. Therefore, the main photodissociation pathways to produce the ions with m/z 43 and 29 are summarized as Scheme 1. The CH 3 CO + ion formed by reaction (8) would contribute to the ions with m/z 43. Then, why could the CHO + ion be detected in the EI experiment? Fig. 4 shows that at high energies the formation of CHO + ion (reaction (4)) can be competitive with reactions (2) and (3) and the isomerization to 2. Because the molecular ions generated by EI have energies with a broad distribution, the detection of CHO + in the EI experiment could be possible.
Conclusions
The main photodissociation pathways of 1 at 3.3 eV were carefully determined as Scheme 1 through the kinetic analysis using RRKM calculations based on the obtained potential energy surface. The production of CH 3 CH 2 + from 1, not mentioned in any previous study, was conrmed indirectly by accurate mass measurement with the EI mass spectrometry. The successful explanation of the photodissociation with the RRKM theory indicates that the photoexcited ions dissociate statistically on the potential energy surface of the ground electronic state although photoabsorption initially leads to an excited electronic state. Further experimental studies measuring dissociation rate constants as a function of energy using other techniques such as photoelectron-photoion coincidence spectroscopy will be helpful for more accurate theoretical investigations.
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